A high strength Al-Zn-Mg alloy 7A52 with T6 treatment was successfully friction stir welded. The grain structure, dislocations and precipitates in typical regions of the weld joint, including the weld nugget zone (WNZ), thermos-mechanically affected zones (TMAZ) and heat affected zones (HAZ) were investigated to understand the mechanical properties of each zone and the weld joint. In WNZ, a relatively higher density of dislocations is observed on the advancing side, caused by vacancy collapse induced by severe plastic deformation during stirring. However, in the center and on the retreating side, the dislocation density is very low. The strength of the WNZ is influenced by grain refinement, solution strengthening, or natural ageing hardening. In TMAZs, different mechanical properties on each side are due to different grain structures and precipitates introduced by the asymmetrical thermo-mechanical cycle. In HAZs, the mechanical properties are a strong function of the ratio of η to η phase. Compared to the micro-tensile results, premature failure of the weld joint occurs in HAZs on the advancing side, resulting from stress concentration near the area with the lowest hardness.
Introduction
Al-Zn-Mg alloys, as structural materials, are widely used in civil aviation and military vehicles due to their high specific strength, fracture toughness, and excellent resistance to stress corrosion cracking, along with strengthening by natural aging [1] [2] [3] [4] [5] [6] . However, the welding of the Al-Zn-Mg alloys with high strength is a large problem in the application of engineering because of difficulties arising from melting and solidification during fusion welding such as loss of strength and ductility in heat affected zones (HAZ), hot cracking, porosity, and fusion defects. The 7A52 is a medium strength alloy of Al-Zn-Mg system, which is age-hardenable by forming η-series precipitates [7, 8] . This alloy is suitable for welding because the strength can be recovered by natural aging and its welded components are widely used for military and other structural applications.
Friction stir welding (FSW), a promising solid-state process developed by The Welding Institute in Cambridge England, provides potential to join aluminum alloys traditionally considered unweldable. Using this method, the joint may be free from the dendritic structure typical of a fusion-weld joint and has better mechanical properties and lower distortion and residual stresses compared to fusion The rod-like η (MgZn 2 ), an equilibrium phase incoherent with the Al matrix, makes the alloy soften [32, 33] . The η and GP η zones, with a disc-like shape and well-ordered structure, are coherent with the Al matrix and believed to be the main strengthening phases in T6-treated alloy [34] [35] [36] . GPI zones or solute clusters have no obvious periodical lattice, forming at the very early stage of aging and being responsible for the initial increase in hardness [36] [37] [38] [39] .
A commercial gantry type FSW machine (FSW-LM-025-2030, Jiangsu Ruicheng Machinery Co., Ltd (RCM), Yixing, China) was employed to make FSW joints in position control mode, with working table of size 2.4 m × 1.4 m. The pin rotational speed and welding speed were in the range of 100-1500 rpm and 0-1500 mm/min respectively. The friction stir butt welds rolled plates of size 250 mm × 120 mm × 16 mm of T6-treated 7A52 aluminum alloy were obtained using a welding speed of 150 mm/min and rotational speed of 400 rpm, employing single pass welding procedure. The plates were held firmly using a specially designed and developed fixture. The welding direction was normal to the rolling direction. An FSW tool was made of die steel and had a flat shoulder with a truncated conical pin with an anticlockwise thread of 1 mm pitch. The depth of the shoulder plunge was kept at 0.2 mm from workpiece surface. The developed joints were examined by visual inspection to make sure no there were no obvious defects (like lack of fill/penetration, cracks, excessive flash generation) on the crown and root surface. The qualified joints were then inspected using optical microscopy to further exclude those with the presence of kissing bonds or zigzag line defects. The perfect joints were extracted for mechanical property measurement and microstructure analysis. Generally, the FSW joint was divided into three different zones: the WNZ, the TMAZ and the HAZ. Microhardness and microtensile tests were employed to characterize mechanical properties of different zones. Microhardness variation across the joint was measured using an HMV-G 21DT Micro Vickers Hardness Tester (SHIMADZU, Kyoto, Japan) with an applied load of 100 g and a holding time of 10 s, each value was obtained by averaging at least five successive measurements. The tensile experiments were performed on an Instron 5892 machine (Instron Limited Inc., Boston, MA, USA) with a constant strain rate of 10 −3 s −1 . The dog-bone-shaped specimens used in the tensile tests were shaped by spark erosion to have a rectangular gauge section of 2 × 0.5 mm 2 and a gauge length of 5 mm. A contactless video strain gauge based on digital image correlation (DIC) technique was developed to accurately measure the strain in the gauge section. Geometries and orientations of the tensile samples in FSW joints are schematically showed in Figure 1 . The specimen axis was aligned perpendicular to the welding direction. Larger tensile samples, whose gauge length covers different zones of the joint, were designed to examine the tensile properties of the FSW joint. presence of kissing bonds or zigzag line defects. The perfect joints were extracted for mechanical property measurement and microstructure analysis. Generally, the FSW joint was divided into three different zones: the WNZ, the TMAZ and the HAZ. Microhardness and microtensile tests were employed to characterize mechanical properties of different zones. Microhardness variation across the joint was measured using an HMV-G 21DT Micro Vickers Hardness Tester (SHIMADZU, Kyoto, Japan) with an applied load of 100 g and a holding time of 10 s, each value was obtained by averaging at least five successive measurements. The tensile experiments were performed on an Instron 5892 machine (Instron Limited Inc., Boston, MA, USA) with a constant strain rate of 10 -3 s -1 . The dog-boneshaped specimens used in the tensile tests were shaped by spark erosion to have a rectangular gauge section of 2 × 0.5 mm 2 and a gauge length of 5 mm. A contactless video strain gauge based on digital image correlation (DIC) technique was developed to accurately measure the strain in the gauge section. Geometries and orientations of the tensile samples in FSW joints are schematically showed in Figure 1 . The specimen axis was aligned perpendicular to the welding direction. Larger tensile samples, whose gauge length covers different zones of the joint, were designed to examine the tensile properties of the FSW joint. FSW joints were polished and etched in Keller's reagent (2.5 mL nitric acid, 1.0 mL hydrofluoric acid, 1.5 mL hydrochloric acid mixed with 95 mL distilled water) for 30 s to observe grain morphology using an optical microscope (Carl Zeiss Inc., Jena, Germany). The grain structures were characterized by electron back-scattered diffraction (EBSD) attached to a focal-ion beam (FIB)/SEM system (Carl Zeiss Auriga 45-66, Carl Zeiss Inc., Jena, Germany). The EBSD specimens were prepared using electrochemical polish in a solution mixed of 10% perchloric acid and 90% ethyl alcohol at a voltage of 15 mV and a temperature of -30 °C. A FEI Titan G2 60-300 transmission electron microscope (TEM, Thermo Fisher Scientific Inc., Waltham, MA, USA) with a spherical aberration corrector under the objective lens operated at 300 kV was used to examine precipitates in different zones. With the help of the trace of hardness test, the TEM specimens were extracted accurately in a certain zone. TEM specimens were prepared by mechanical grinding and subsequently electro-polish using a twinjet unit (TJ100-SE, LEBOscience, Jiangyin, Jiangsu, China) with an electrolyte of 30% nitric acid in methanol at -25 °C and 20 V. Specimens for microstructure examination were sectioned from the transverse section perpendicular to the welding direction because the transverse section comprises all the zones with different microstructures and associated mechanical properties. FSW joints were polished and etched in Keller's reagent (2.5 mL nitric acid, 1.0 mL hydrofluoric acid, 1.5 mL hydrochloric acid mixed with 95 mL distilled water) for 30 s to observe grain morphology using an optical microscope (Carl Zeiss Inc., Jena, Germany). The grain structures were characterized by electron back-scattered diffraction (EBSD) attached to a focal-ion beam (FIB)/SEM system (Carl Zeiss Auriga 45-66, Carl Zeiss Inc., Jena, Germany). The EBSD specimens were prepared using electrochemical polish in a solution mixed of 10% perchloric acid and 90% ethyl alcohol at a voltage of 15 mV and a temperature of -30 • C. A FEI Titan G2 60-300 transmission electron microscope (TEM, Thermo Fisher Scientific Inc., Waltham, MA, USA) with a spherical aberration corrector under the objective lens operated at 300 kV was used to examine precipitates in different zones. With the help of the trace of hardness test, the TEM specimens were extracted accurately in a certain zone. TEM specimens were prepared by mechanical grinding and subsequently electro-polish using a twinjet unit (TJ100-SE, LEBOscience, Jiangyin, Jiangsu, China) with an electrolyte of 30% nitric acid in methanol at -25 • C and 20 V. Specimens for microstructure examination were sectioned from the transverse section perpendicular to the welding direction because the transverse section comprises all the zones with different microstructures and associated mechanical properties.
Results

Mechanical Properties
Hardness
The hardness variation across the weld joint along the central line of the transverse section is presented in Figure 2 , where the different zones are indicated. The average hardness of T6-treated base metal is about 152 HV. The hardness curve of the FSW joint is asymmetrical with respect to the weld center because of different microstructures on the advancing side and the retreating side introduced by the non-uniform field of plastic flow. On both sides, in HAZs next to the base metal, the hardness slopes downward from the base metal to the weld, but the lowest hardness presents on the advancing side, which is 10 HV lower than that on the retreating side. In TMAZs in between HAZs and the WNZ, the hardness fluctuates largely on the advancing side with an amplitude of up to 20 HV, while the hardness holds steady on the retreating side. In TMAZs of the FSW joint on the advancing side, the bottom hardness is even lower than the lowest hardness in HAZs, and the top hardness is the same as that in the WNZ, where the hardness is about 114 HV. 
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Tensile Properties
Tensile curves of samples obtained in each zone of FSW joints are presented in Figure 3 , and the corresponding mechanical properties are summarized in Table 2 . Obviously, the tensile strength of the weld is lower than that of the T6-treated base metal, the strength efficiency is located in the range of 80-87%. The TMAZs on both sides and the WNZ have the similar ultimate tensile strength, but a strong difference in yield strength and elongation. The WNZ has the lowest yield strength but the highest elongation. The TMAZs on both sides have similar yield strengths but big differences in elongation. The strength of the HAZ is higher than that of the TMAZ on both sides, but the elongation of the HAZ is lower than that of the TMAZ on both sides. This difference is even more marked on the retreating side. The tensile properties of the whole FWS weld joint are much lower than that of each zone obtained by micro-tensile, and the fracture position is near the region with the lowest hardness ( Figure 2 ), where stress concentration easily occurs during tensile. Microhardness profile along the middle section of the weld, the inset is a photograph of the corresponding FSW joint, the circled hardness' were selected for transmission electron microscope (TEM) examination.
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Microstructures
Grains
The photograph of the selected FSW joint is shown as the inset in Figure 2 , showing the weld is free of defects. The FSW joint is a symmetric nugget zone about the weld center line and has a size of the tool pin diameter. The microstructures across the weld joint along the central line of the transverse section were examined. Micrographs near the joint line are shown in Figure 4 , where the most prominent feature is the sharp bending of grain structures in TMAZs due to severe plastic deformation. Moreover, the grains are more curved in the TMAZ on the advancing side than that on the retreating side, suggesting more severe deformation occurs in TMAZ on the advancing side. The orientation map of grains in and adjacent to different zones located by hardness measurement are shown in Figure 5 . Figure 5a shows the as-rolled base metal comprises of partially The photograph of the selected FSW joint is shown as the inset in Figure 2 , showing the weld is free of defects. The FSW joint is a symmetric nugget zone about the weld center line and has a size of the tool pin diameter. The microstructures across the weld joint along the central line of the transverse section were examined. Micrographs near the joint line are shown in Figure 4 , where the most prominent feature is the sharp bending of grain structures in TMAZs due to severe plastic deformation. Moreover, the grains are more curved in the TMAZ on the advancing side than that on the retreating side, suggesting more severe deformation occurs in TMAZ on the advancing side. 
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Microstructures in the Interior of Grains
The hardness' circled in Figure 2 were selected for TEM examination and the results are shown in Figures 6-9 . Figure 6 shows the microstructures in unaffected base metal with T6-treatment. Figure  6a indicates that grains in the base metal contain a relatively low dislocation density, and a great number of the second phases (CrMn-rich and MgZn-rich). Figure 6b demonstrates a high density of nanoprecipitates distributing homogenously in the interior of grains. They are mostly ηʹ phase, identified by their disc-like morphology and the selected area electron diffraction (SAED) pattern along <112>Al zone axis as inset in Figure 6b . 
The hardness' circled in Figure 2 were selected for TEM examination and the results are shown in Figures 6-9 . Figure 6 shows the microstructures in unaffected base metal with T6-treatment. Figure 6a indicates that grains in the base metal contain a relatively low dislocation density, and a great number of the second phases (CrMn-rich and MgZn-rich). Figure 6b demonstrates a high density of nanoprecipitates distributing homogenously in the interior of grains. They are mostly η phase, identified by their disc-like morphology and the selected area electron diffraction (SAED) pattern along <112> Al zone axis as inset in Figure 6b. 6a indicates that grains in the base metal contain a relatively low dislocation density, and a great number of the second phases (CrMn-rich and MgZn-rich). Figure 6b demonstrates a high density of nanoprecipitates distributing homogenously in the interior of grains. They are mostly ηʹ phase, identified by their disc-like morphology and the selected area electron diffraction (SAED) pattern along <112>Al zone axis as inset in Figure 6b . Figure 7 shows the microstructures in the WNZ of the FSW joint. Although the grains are all recrystallized and equiaxed, the dislocation structures in the grains are absolutely different across the WNZ. The dislocation density decreases gradually from the advancing side to the retreating side traversing through the whole WNZ, as shown in Figure 7a ,c,e, the dislocation recovery is speculated to be related to the elevated temperature on the retreating side induced by friction and stir. On the advancing side (Figure 7a ), there is a high density of linear dislocations resulting from vacancies collapsing, due to severe plastic deformation during stir. A common feature of dislocations in the whole WNZ is that they are pinned by the second phase particles. In the whole WNZ, no precipitate is observed (Figure 7b,d,f) , some Zn and Mg atoms segregate at the interface of the CrMn-rich particles and the matrix or form a ZnMg-rich second phase, but most of the alloying atoms are soluted into in the matrix. Figure 8a ,c. Compared with the matrix, in the HAZ, the big microstructural change is nano-sized precipitates, which are much larger in size. Especially on the advancing side, most of the precipitates in the HAZ are stable η-phase (Figure 8b) , which make the HAZ soften, resulting in the lowest hardness (Figure 2) . While on the retreating side in the HAZ, precipitates are composed of metastable ηʹ phase and stable η phase (Figure 8d ). The ηʹ is the strengthening phase, while the η is the softening phase. With the effect of the two aspects, the HAZ on the retreating side has a lower hardness than the matrix, but a little higher hardness than the HAZ on the advancing side. The hardness of the HAZ is significantly dependent on the number ratio of ηʹ precipitates, which is largely affected by heat input. With the influence of the heat input decreasing, the hardness increases gradually and gets close to that of the matrix, as the distance to the WNZ increases. Figure 9 shows the microstructures of the TMAZ which are more complex and influenced by heat input and by severe plastic deformation. A high density of dislocations pinned by the second phases are observed in the TMAZ on both sides (Figure 9a,c) . The second phases in the TMAZ are significantly more than those in the matrix, because there is a large volume of coarse (Mg, Zn)-rich particles locate in the dislocation pile-up zone (Figure 9a,c) 
Discussion
The heterogeneity with respect to microstructure and mechanical properties across the FSW joint is well known due to the development of a gradient in temperature distribution and plastic strain induced during FWS. Although there are is a weld nugget zone, a heat affected zone and a thermomechanically affected zone, the microstructural and mechanical properties changes were found to be gradual and less drastic than those occurring in a fusion weld.
The most significant changes in microstructure, occurring in the WNZ, were the recrystallization of the elongated grains and the full solution of nano-sized precipitates due to temperatures in the WNZ as high as 400 to 480 °C [21] . The strength of the WNZ could be attributed to three mechanisms, i.e., solution strengthening by Mg and Zn, grain boundary strengthening facilitated by grain refinement, and dislocations. The contribution of dislocations can be neglected here because of a very Figure 7 shows the microstructures in the WNZ of the FSW joint. Although the grains are all recrystallized and equiaxed, the dislocation structures in the grains are absolutely different across the WNZ. The dislocation density decreases gradually from the advancing side to the retreating side traversing through the whole WNZ, as shown in Figure 7a ,c,e, the dislocation recovery is speculated to be related to the elevated temperature on the retreating side induced by friction and stir. On the advancing side (Figure 7a ), there is a high density of linear dislocations resulting from vacancies collapsing, due to severe plastic deformation during stir. A common feature of dislocations in the whole WNZ is that they are pinned by the second phase particles. In the whole WNZ, no precipitate is observed (Figure 7b,d,f) , some Zn and Mg atoms segregate at the interface of the CrMn-rich particles and the matrix or form a ZnMg-rich second phase, but most of the alloying atoms are soluted into in the matrix. Figure 8 shows microstructures in HAZs on both sides. The second phases and dislocations in the HAZ are both very similar to those in the matrix, as shown in Figure 8a ,c. Compared with the matrix, in the HAZ, the big microstructural change is nano-sized precipitates, which are much larger in size. Especially on the advancing side, most of the precipitates in the HAZ are stable η-phase (Figure 8b) , which make the HAZ soften, resulting in the lowest hardness (Figure 2) . While on the retreating side in the HAZ, precipitates are composed of metastable η phase and stable η phase (Figure 8d ). The η is the strengthening phase, while the η is the softening phase. With the effect of the two aspects, the HAZ on the retreating side has a lower hardness than the matrix, but a little higher hardness than the HAZ on the advancing side. The hardness of the HAZ is significantly dependent on the number ratio of η precipitates, which is largely affected by heat input. With the influence of the heat input decreasing, the hardness increases gradually and gets close to that of the matrix, as the distance to the WNZ increases. Figure 9 shows the microstructures of the TMAZ which are more complex and influenced by heat input and by severe plastic deformation. A high density of dislocations pinned by the second phases are observed in the TMAZ on both sides (Figure 9a,c) . The second phases in the TMAZ are significantly more than those in the matrix, because there is a large volume of coarse (Mg, Zn)-rich particles forming in the TMAZ. The distribution of these particles in the TMAZ is not uniform, more particles locate in the dislocation pile-up zone (Figure 9a,c) . Further magnification of the TMAZ in Figure 9b ,d shows that no nano-precipitate is observed on the advancing side (Figure 9b ), but non-uniform nano-precipitates are observed on the retreating side (Figure 9d ). On the advancing side, all precipitates grew into a coarser (Mg, Zn)-rich second phase, influenced by dislocation and by heat input. On the retreating side, with higher temperature (induced by stir and friction) than on the advancing side but lower temperature than the WNZ, precipitates were partially dissolved.
The heterogeneity with respect to microstructure and mechanical properties across the FSW joint is well known due to the development of a gradient in temperature distribution and plastic strain induced during FWS. Although there are is a weld nugget zone, a heat affected zone and a thermo-mechanically affected zone, the microstructural and mechanical properties changes were found to be gradual and less drastic than those occurring in a fusion weld.
The most significant changes in microstructure, occurring in the WNZ, were the recrystallization of the elongated grains and the full solution of nano-sized precipitates due to temperatures in the WNZ as high as 400 to 480 • C [21] . The strength of the WNZ could be attributed to three mechanisms, i.e., solution strengthening by Mg and Zn, grain boundary strengthening facilitated by grain refinement, and dislocations. The contribution of dislocations can be neglected here because of a very low density of dislocations in the center and on the retreating side, in spite of a relative high density of dislocations on the advancing side. Although no precipitate is observed in the WNZ using TEM, the hardness will increase with storage time at room temperature, resulting in nano-clusters (or GPI zones) forming during "natural aging" as reported [31, 40, 41] . With an increase in storage time, the solution strengthening will be replaced by the contribution of nano-clusters (or GPI zones), leading to an increase in strength.
In the TMAZs of the FSW joints, grains were deformed. On the advancing side, recrystallization was not remarkable as temperature rise induced by deformation was less and could not initiate the same recrystallization as that in the WNZ. However, partial recrystallization was found in the TMAZ on the retreating side, due to higher temperature induced by stirring. The temperature change also caused different evolution of precipitates. In the TMAZ on the advancing side, precipitates grew into sub-micro and even micro particles, while in the TMAZ on the retreating side precipitates partially dissolved. These different microstructures in TMAZs leads to different mechanical properties. In the TMAZ on the advancing side, the hardness fluctuates largely because of non-uniform second phases and no nano-precipitates. In the TMAZ on the retreating side, the hardness remains stable because of non-dissolution precipitates offsetting the non-uniform second phase. Thus, these microstructural differences resulted in higher strength and better elongation on the retreating side than on the advancing side.
In HAZs of the FWS joints, no big changes occurred for grains compared with the base metal. The mechanical properties are due to precipitates. More η precipitates result in lower strength and better elongation. The zone with the lowest hardness in Figure 2 is very narrow (~5 mm) on the advancing side, this has no big influence on the micro-tensile result but remarkable negative effects on the tensile properties of a large specimen including the base metal and the whole joint because the stress concentration in the lowest hardness zone becomes more pronounced at excessive strength than at low strength conditions, resulting in the lowest tensile elongation and premature failure.
Conclusions
FWS joints show significant heterogeneity with respect to microstructure and mechanical properties through the joints at the same thickness, primarily due to development of a gradient in temperature distribution and plastic strain introduced during FSW.
(1) The hardness curve of the FSW joint is asymmetrical with respect to the weld center because of different microstructures on the advancing side and on the retreating side, introduced by non-uniform field of plastic flow. (2) Micro-tensile test results show the HAZ on the advancing side has lower strength but higher elongation than that on the retreating side because in the HAZ on the retreating side there are more η precipitates providing strengthening, although grain structures and the second phase are very similar in the HAZs on both sides.
(3) Micro-tensile test results show the TMAZ on the advancing side has lower strength and elongation than on the retreating side. The higher strength is partially due to nano-sized precipitates, while the higher elongation is due to the higher degree of recrystallization, compared with the TMAZ on the advancing side. (4) Tensile tests with the large sample show that fracture occurs near the position in the HAZ on the advancing side with the lowest hardness. Both strength and elongation are much lower than in all other zones due to stress concentration in the area with the lowest hardness. (5) In the WNZ, the dislocation density gradually decreases from the advancing side to the retreating side, although they both contain only dynamic recrystallized grains. These dislocations are mainly caused by vacancy collapse induced by severe plastic deformation during FWS. (6) The mechanical properties of the FWS joints depend on the hardness difference throughout the joint. With larger differences in hardness, the stress concentration in the lowest hardness zone becomes more pronounced, resulting in premature failure and lowest tensile elongation.
